In two distantly serologically related isolates (A and G12) of tomato black ring virus that each produce two RNA species, RNA-I was found only in bottom component (B) particles and RNA-2 only in middle component (M) particles. Preparations of separated M and B particles were each barely infective, but produced 8 to 30 times more lesions when mixed, indicating that both kinds of particle are needed for infection, presumably because they contain different parts of the genome. Infectivity was not enhanced when M particles of isolate GI2 were mixed with B particles of isolate A, but it was increased when M particles of isolate A were mixed with B particles of isolate G12. The lesions thus produced were abnormally small; isolates cultured from some of them were slower than the parental isolates to produce systemic symptoms in Chenopodium quinoa and had serological properties indicating that their coat protein cistron is in RNA-2. These properties were stable on subculture. Pseudo-recombinant isolates were also produced when RNA-2 of isolate A was mixed with RNA-I of isolate GI2, but not with the converse combination.
INTRODUCTION
Assignment of tomato black ring virus (TBRV) to the nepovirus group was at first based mainly on properties such as particle shape and size, stability in vitro, transmissibility by nematode vectors and through seed, and ability to infect a wide range of plant species and to induce ringspot symptoms (Murant, 197o; Harrison et al. I971) . Moreover, like several other nepoviruses, TBRV is also now known to possess a single type of coat polypeptide, of mol. wt. about 57oo0, and two functional species of RNA (RNA-I and RNA-2; Murant et al. I973a, b) . The two TBRV strains examined by Mutant et al. (I973a) in addition contained a third and smaller RNA (RNA-3), which could be eliminated from the isolates. RNA-3 was produced only when the inoculum contained it and is considered to be a' satellite' RNA.
Work with two other nepoviruses, tobacco ringspot (Diener & Schneider, 1966; Harrison, Murant & Mayo, I972a) and raspberry ringspot (RRV; Murant et al. 1972; Mayo et al. 1973) has shown that each possesses three classes of nucleoprotein particle containing, respectively, one molecule of RNA-i, one molecule of RNA-2 or two molecules of RNA-2. In this paper we report work with TBRV, showing that satellite-free isolates possess only two classes of nucleoprotein particle containing either one molecule of RNA-I or one molecule of RNA-2. After our work was completed, Delbos et al. 0976) reported this same distribution of RNA-I and RNA-2 between nucleoprotein components separated by sedimentation, for two RNA-3-containing isolates; however, our preliminary experiments (Murant & Mayo, I976) using the same isolates as Delbos et al. 0976) suggest that such isolates contain additional kinds of nucleoprotein particle not present in satellite-free isolates.
METHODS
Viruses. The following viruses were used: (I) TBRV-S, the stock culture from Arctium lappa (Harrison, 1958) of the Scottish (beet ringspot) serotype of TBRV, containing three RNA species (RNA-I, RNA-2 and RNA-3). (2) TBRV-A, a local-lesion isolate of TBRV originally obtained from Kettins, Angus, and serologically indistinguishable from TBRV-S but lacking RNA-3. (3) TBRV-G, an isolate of the German (potato bouquet) serotype of TBRV (Harrison, i958) , containing RNA-I, RNA-2 and RNA-3. (4) TBRV-GI2, a singlelesion isolate of TBRV-G that had been freed from RNA-3 (Murant et al. ~973 a) .
Purification and separation ofnucleoprotein components. To purify TBRV, leaf tissue from systemically infected Nieotiana clevelandii plants was first disrupted in o'o67 M-phosphate buffer, pH 7"o (2 ml/g leaf), containing O'1 0/0 thioglycollic acid and o'I % EDTA, using a mechanical blender. After filtering through muslin, the extract was clarified using 8"5 % (v/v) n-butanol, and the virus concentrated and purified by two cycles of high-speed and low-speed centrifugation. Sediments obtained by high-speed centrifugation were resuspended overnight in phosphate buffer. The middle (M) and bottom (B) components in these preparations were separated by two cycles of sedimentation in Io to 40% sucrose density gradients buffered with phosphate (Murant et al. I972) , and centrifuged for 2.25 h at 26000 rev/min using a Beckman SW27 rotor. The components, in fractions obtained using an ISCO density gradient fractionator, were then sedimented for I h at 64ooo rev/min.
Preparation of RNA. RNA was extracted from virus particles by overnight incubation in pronase+SDS (Murant et al. I972 ) followed by one extraction with water-saturated phenol +m-cresol (9: t v/v), and precipitation with 3 voI. ethanol. The RNA precipitate was washed with ethanol and then either stored under ethanol at -2o °C or washed with acetone, the solvent evaporated and the RNA stored dry at -2o °C.
Eleetrophoresis of RNA in polyaerylamide gels. Gels of 2.2 % polyacrylamide were prepared in I3 x o.6 cm Perspex tubes and were buffered with o'o36 M-tris, o'o3 M-NaH~PO4, o.oo1 M-EDTA at pH 7"5. This buffer (+o.2% SDS) was used for electrophoresis. RNA samples (i2 to 5o #g) were dissolved in electrophoresis buffer containing 8 M-urea and heated at 6o °C for Io min. Electrophoresis was at 6 to 7 mA/gel until the bromophenol blue added to the sample had migrated to within I cm of the bottom of the gels. Bands of RNA were located using a u.v. Scanner (Joyce-Loebl, Gateshead, UK). For infectivity tests, RNA-I and RNA-2 were extracted from the gels and inoculated as described by Harrison et al. 0972a) and Murant et al. 0973a) .
Infectivity assay. Infectivity was assayed by inoculating Carborundum-dusted leaves or half-leaves of Chenopodium amaranticolor. Each inoculum was applied to the same number of leaves at different positions on the stem, using Latin square designs. Lesions were counted about a week after inoculation.
Serological tests. Double-diffusion tests were made in 0"5 ~o agarose gel containing o'o3 M-phosphate buffer, pH 7, o'85 % NaC1 and o.o2 % sodium azide.
Analytical centrifugation. Sedimentation was recorded using Schlieren optics in a Beckman Model E centrifuge. 
RESULTS

Packaging of RNA-I and RNA-2
Moving boundary sedimentation in the analytical ultracentrifuge showed that purified preparations of TBRV-A and TBRV-GI2 contained three major sedimenting components, top (T), middle (M) and bottom (B), as described for other isolates of TBRV (Murant, t970) . T produced a smaller peak than B, and both isolates produced about twice as much M as B (estimated from the areas under the peaks of analytical centrifuge Schlieren diagrams).
When RNA from unfractionated preparations of both isolates was electrophoresed in polyacrylamide gels, the amount of RNA-2 was about twice that of RNA-I (Fig. Ia, d ). Separated M particles yielded only RNA-2, together with a little, presumably degraded, material heterogeneous in size (Fig. I b, e) . Preparations of B particles yielded RNA-I, together with some heterogeneous material of smaller tool. wt. There was perhaps a trace of RNA-2 (Fig. I c, f) , which is thought to have come from a few M particles contaminating the preparations of B particles. We conclude that M particles contain only RNA-2 and B particles contain only RNA-I. The ratio of M particles to B particles and that of RNA-2 to RNA-I (estimated from the areas under the peaks in diagrams such as Fig. I a and d) both suggest that these two isolates of TBRV coat slightly more than two molecules of RNA-2 for every molecule of RNA-I.
Infectivity of M and B particles, separately and mixed
In a series of tests with TBRV-A and with TBRV-GIz (Table I) , preparations of M particles were barely infective (less than I lesion per inoculated leaf) when inoculated at E260 = o.oI, whereas those of B particles were slightly infective at this concentration. Preparations of B particles were barely infective at Ez60 --o-ooL However, when M and B particles were mixed in the inocula, the number of lesions produced was eight to thirty times greater than expected from the infectivity of the separated components. The results in Table I also show that the number of lesions produced by the mixed components depends on the concentration of each component in the mixture, and that the greatest factor in enhancement of infectivity by mixing M and B was obtained by using the B preparation at about a tenth of the concentration of the M preparation. In other tests, mixtures containing equal amounts (E260) of M and B particles were about half as infective as unfractionated virus preparations with the same E260 value. This slight loss of infectivity can be attributed either to the smatter~relative number of M particles in the artificial mixture or to the effect of repeated sedimentation.
When M particles of TBRV-GI2 were mixed with B particles of TBRV-A, infectivity was not enhanced but when the converse combination was made, infectivity was greater than that of the separated components, although less than that of the homologous mixture of M and B particles of TBRV-Gr2. Also, many of the lesions produced in Chenopodium amarantieolor by the mixture of M (TBRV-A) and B (TBRV-GI2) were much smaller than those produced by either homologous mixture, and hard to discern with the unaided eye. Possibly some infections produced by the heterologous mixture failed to induce visible lesions. We therefore conclude that (i) different parts of the genome of TBRV are contained in M and B particles, (ii) both kinds of particles are needed for infection, as seemed probable from previous work with separated RNA-I and RNA-2 (Murant et al. r973 a; Delbos et al. I976) , and (iii) that infection can be produced by mixing B particles of TBRV-GI2 with M particles of TBRV-A but not using the converse combination. Genome of tomato black ring virus I9I Attempts to obtain pseudo-recombinants Our first attempts to produce pseudo-recombinants were made by the approach used with raspberry ringspot virus. This involves the separation of RNA species using aqueous polyacrylamide gels and their inoculation singly and in different mixtures (Harrison et al. I972a) . In preliminary tests with TBRV, we found that the specific infectivity of unfractionated RNA from TBRV-S was much less than that of TBRV-G. Of several other isolates of the Scottish serotype, only TBRV-A yielded RNA with a specific infectivity comparable to that of TBRV-G. RNA from TBRV-A and TBRV-G was therefore used in further work.
As found previously with TBRV-G (Murant et al. I973a), RNA-2 was not infective but it increased the infectivity of preparations of RNA-I from the same isolate. When RNA-I of one isolate was mixed with RNA-2 of the other isolate, smaller and more questionable enhancements of infectivity were obtained than with the homologous mixtures ( Table 2) . With the two heterologous mixtures, that containing RNA-I of TBRV-G and RNA-2 of TBRV-A gave the more convincing enhancement, and isolates from some of the lesions produced were found to be serologically identical to TBRV-A (Table 2) . These isolates took longer to produce systemic symptoms in Chenopodium quinoa than either parent, and they retained this character and their serological properties in successive subcultures. These observations, and the fact that RNA-2 inocula were non-infective alone, suggest that these isolates are pseudo-recombinants and that RNA-2 carries their coat protein cistron. None of the isolates cultured from lesions produced by mixing preparations of RNA-I (A) and RNA-2 (G) was serologically tike TBRV-G, again suggesting that this combination is not viable.
Attempts were also made to obtain pseudo-recombinants from the lesions produced by mixtures of heterologous M and B particles (Table I) . Nearly all attempts to culture virus from lesk, ns produced by the homologous mixtures were successful and all the isolates had the expected serological specificity, rn contrast, most attempts to culture virus from single lesions produced by the heterologous mixture (M particles of TBRV-A and B of TBRV-GI2) were unsuccessful; the first twelve attempts gave 2 isolates, both serologically indistinguishable from TBRV-GI2 in gel-diffusion tests. A further eight attempts, made after the lesions had enlarged slightly, yielded five additional isolates, two of which were x3 VIR 36 serologically indistinguishable from TBRV-A. When subcuttured successively these two isolates, like the pseudo-recombinants produced using separated RNA species, were consistently slower than the parent strains to produce systemic symptoms in C. quinoa and remained antigenically the same as TBRV-A. It therefore seems probable that the abnormally small lesions in C. amaranticolor contained virus antigenically the same as TBRV-A, but only in relatively small amounts, so that culturing from them was very difficult. Most of the more readily obtained isolates are presumed to originate from lesions initiated by B (TBRV-GI2) together with M (TBRV-GI2), small amounts of which probably contaminated the preparation of B particles. Although neither the particle mixing experiment nor the RNA mixing experiment gave unequivocal evidence, we suggest that RNA-2 carries the gene for the coat protein (and hence antigenic type) of TBRV. This location of the coat protein gene would be the same as that found for RRV (Harrison, Murant & Mayo, I972b ) , the only other nepovirus examined.
In general, separated RNA species seem less satisfactory than separated nucleoprotein components for use in attempts to produce pseudo-recombinants of TBRV because, as with RRV (Harrison et al. I972a) , it is difficult to obtain preparations of RNA-r that are free from infectivity. We think that this infectivity results from contamination with RNA-2 molecules.
DISCUSSION
It is now clear that RNA-2 of TBRV occurs only in M particles, that the amount of RNA-2 in nucleoprotein particles exceeds that of RNA-i and that there are correspondingly more M particles than B particles in virus preparations. Preparations of RRV and tobacco ringspot virus likewise contain more RNA-2 than RNA-I but more B than M particles; the B particles are of two types, one containing two molecules of RNA-2 and the other containing one molecule of RNA-r (Diener & Schneider, I966; Murant et al. I972; Mayo et al. 1973 )-Possibly the RNA-2 of TBRV is too large for two molecules to be accommodated in the protein coat; indeed the results of electrophoresis in polyacrylamide gels made in formamide solution indicate that TBRV RNA-2 is much more than half the size of RNA-I (Randles & Harrison, I976) . However, the packaging of RNA-2 of TBRV resembles that of two other closely allied viruses, cherry leaf roll (Jones & Mayo, 1972) and tomato ringspot (Schneider, White & Civerolo, I974) which have RNA-2 of even larger mol. wt. contained only in M particles.
Results obtained by Delbos et al. (I976) with two RNA-3-containing isolates of TBRV also suggest that RNA-2 is confined to M particles. Preparations of M particles in addition contained RNA-3 but preparations of B particles did not. However, the amount of RNA-3 detected by Delbos et al. (I976) seems appreciably smaller than that found in work here (Murant et al. I973 a) .
When attempts were made to produce pseudo-recombinant isolates, using TBRV-A and TBRV-Gx2 as parents, only one of the two possible combinations of M and B particles was viable, and the resulting isolates were slower than either parent isolate to produce systemic symptoms in Chenopodium quinoa. Similar results were obtained using inocula of RNA-I and RNA-2, instead of nucleoprotein particles. Failure to produce pseudo-recombinants by inoculating a mixture of M particles of TBRV-GI 2 with B particles of TBRV-A was therefore not caused by failure of the RNA species to be uncoated. The two parent isolates are serologically related, but not closely, and their behaviour fits into a series exemplified by different pairs of viruses with multipartite genomes. At one extreme are isolates closely related serologically, such as those of RRV studied by Harrison Genome of tomato black ring virus I93 (I974), which produced pseudo-recombinants with all combinations of RNA-I and RNA-2 tested. At the other extreme are pairs of allied but serologically unrelated or very distantly related viruses, such as RRV and tobacco ringspot virus (Harrison et al. I972a) or the CAM and PRN isolates of tobacco rattle virus (Frost, Harrison & Woods, I967) , which do not produce pseudo-recombinants. Between these extremes are pairs of viruses with intermediate degrees of serological relationship. These produce at least one of the possible kinds of pseudo-recombinants but not all, and may not produce any readily. Examples of this behaviour are given by the Brazilian-Z and Oregon-Y strains of tobacco rattle virus (Lister, r969) , by cowpea chlorotic mottle and brome mosaic viruses (Bancroft, i972) and by the two strains of TBRV studied here. From these comparisons it would seem that degree of antigenic relatedness gives a useful clue to the probability that pseudo-recombinants can be obtained. However, antigenic relatedness may not be an infallible guide, unless perhaps it can be shown that the specificity of the virus coat protein plays a critical role in determining the ability of mixtures of genome parts to give rise to pseudo-recombinants.
